11 Ybx1 has been demonstrated as a crucial gene in embryogenesis, reproduction as well 12 as development in various vertebrates such as mouse and zebrafish. However, the 13 underlying lncRNA-mediated mechanisms require deep investigation. Particularly, the 14 importance of lncRNA to vertebrate development is controversial and questionable 15 since many studies have yielded contradictory conclusions for the same lncRNAs. In 16 the present study, in order to disclose the lncRNAs implicated in vertebrate 17 development, a systematic transcriptome analysis is conducted based on the RNA 18 sequencing data derived from ybx1 homozygous mutant zebrafish on day5 (day5_ybx1 -19 /-) as well as wild type zebrafish on day5 and day6 (day5_ybx1 +/+ , day6_ybx1 +/+ ). A 20 high-confidence dataset of zebrafish lncRNAs is detected using a stepwise filtering 21 pipeline. Differential expression analysis and co-expression network analysis reveal 22 that several lncRNAs probably act on duox and noxo1a, the genes related to redox 23 (reduction-oxidation reaction) processes which are triggered by ybx1 disruption. 24 Validation by an experimental study on three selected lncRNAs indicates that 25 knockdown of all selected lncRNAs leads to morphological deformation of larvae. In 26 addition, our experiments effectively support the prediction of network analysis in 27 many interaction patterns between the selected lncRNAs and the two redox genes (duox, 28 noxo1a). In short, our study provides new insights into the function and mechanism of 29 lncRNAs implicated in zebrafish embryonic development and demonstrates the 30 importance of lncRNAs in vertebrate development. 31 2 32 Author Summary 33 LncRNAs has been emerged as key regulatory layers because of their multiple 34 functions in diverse biological processes and pathways. However, there is disagreement 35 about the roles of lncRNAs in vertebrate development Some cases demonstrated that 36 lncRNAs was important to development. Others showed that lncRNAs just have feeble 37 functions in development. On the other hand, Ybx1 processing multi-functions has been 38 well demonstrated as a key protein to most vertebrate in development. Hence, aimed at 39 disclosure of key lncRNAs implicated in vertebrate development as well as their 40 possible roles, we performed a systematic transcriptome analysis based on the deep 41 RNA sequencing data of ybx1 homozygous mutant zebrafish and wild type zebrafish. 42 Our analysis successfully revealed several lncRNAs probably target on the redox-43 related genes. Furthermore, our experiments validated the importance of these lncRNAs 44 to zebrafish embryo development. This study is the first to utilize Ybx1 as breakpoint 45 to identify key lncRNA related to vertebrate development and provides new insights 46 into underlying mechanisms of lncRNAs in development. 47 48
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To investigate the lncRNAs as well as their possible roles implicated in Ybx1 knockout, 220 a systematic co-expression network analysis was conducted using WGCNA in R (25). 221 Initially, the flashClust tools package was used to conduct cluster analysis on these 222 samples to detect outliers, the results showed that all samples are in the clusters and 223 passed the cuts (Fig S5) . Then a network-topology analysis was conducted for several 224 soft-thresholding powers in order to have relative balance scale independence and mean 225 connectivity of the WGCNA. The lowest power for the scale-free topology fit index 226 was selected for construction of hierarchical clustering tree ( Fig S6) . This analysis co-227 localizes both correlated lncRNAs and mRNAs into 95 modules (Fig S7) . Each module 228 contains independent datasets of transcripts ( Table 2 ). The interactions among those 229 modules were visualized in Fig S8. The modules with common expression patterns that 230 were significantly associated with specific traits (day5_ybx1 -/and day6_ybx1 +/+ ) were 231 detected based on the correlation between module eigengene and traits. Then the 232 function plotEigengeneNetworks of WGCNA was used to identify groups of correlated 233 eigengenes. The results indicated that two modules (yellow and black) were 234 significantly correlated to the traits: day5_ybx1 -/and day6_ybx1 +/+ , respectively (Fig 235 4) . The relationship of transcript significance with module membership was visualized 236 in Fig S9. The yellow modules significantly related to day5_ybx1 -/include 2,394 237 mRNAs and 352 lncRNAs, whereas black modules correlated to day6_ybx1 +/+ contain 238 1,075 mRNAs and 155 lncRNAs (Table 2).  239  Module  Size  lncRNA mRNA  turquoise  4731  318  4413  blue  4284  328  3956  brown  2752  382  2370  yellow  2746  352  2394  green  2267  355  1912  red  1563  176  1387  black  1230  155  1075  pink  1206  207  999  magenta  1109  98  1011  purple  970  201  769  240  Table 2 . The number of mRNAs and lncRNAs in the top 10 modules. 241 242 Go enrichment analyses based on the DAVID server were subsequently performed 243 using the annotated transcripts (mRNAs) derived from two trait-related modules. 244 Unsurprisingly, the results indicated that many Redox processes were significantly 320 knockdown of each of the three selected lncRNAs leads to larvae morphological 321 deformation in dose-dependent manner.
Correlation study reveals lncRNAs-mediated interactions in
323 Redox regulation 324 325 Our network analysis also indicated that three selected lncRNAs exhibit strong 326 correlations to the Redox-related genes duox and noxo1a, i.e., 327 ENSDART00000171757-duox, MSTRG.30533.1-noxo1a, MSTRG.33365.1-duox. To 328 study their interactions, larvae (day5) injected with 20ng morpholino for the three 329 lncRNAs were divided into two groups, normal morphology and deformed morphology. 330 Knockdown of ENSDART00000171757 slightly reduced the mRNA expression of 331 duox in both the normal and deformed groups ( Fig 10A) , and remarkably reduced the 332 mRNA expression of ybx1 in normal group ( Fig 10B) . MSTRG30533.1 knockdown 333 apparently activated noxo1a mRNA expression in normal group ( Fig 10C) , while 334 inhibition of MSTRG33365.1 led to a sharp decrease of duox mRNA expression in 335 deformed group ( Fig 10D) . Briefly, our analysis demonstrated that both lncRNAs 336 ENSDART00000171757 and MSTRG.33365.1 might positively regulate the 337 expression of duox, while MSTRG30533.1 probably exhibits negative regulation to 338 noxo1a. LncRNAs ENSDART00000171757 also exhibited positive regulation to Ybx1. 339 340 Also, we further tested the potential interaction between ENSDART00000171757 and 341 Ybx1 in protein level. Immunoblotting was performed to evaluate Ybx1 protein 342 expression level under ENSDART00000171757 morpholino knockdown and beta-343 actin was used as internal reference. The results showed that the expression of Ybx1 344 protein was evidently reduced after ENSDART00000171757 knockdown ( Fig 11A) . It 345 was suggested that inhibition of ENSDART00000171757 would result in significant 346 reduction (approximately 50%) of the relative intensity of Ybx1/Actin in day5 larvae 347 ( Fig 11B) . In conclusion, this experimental study well demonstrated the correlation 348 between ENSDART00000171757 and Ybx1.
Discussion
350 Given that lncRNAs have been proposed to carry out diverse functions, for instance, 351 regulation of gene expression by acting as signaling, guiding, sequestering or 352 scaffolding molecules, an increasing number of studies focuses on the disclosure of the 353 roles of lncRNA in vertebrate development (31) (32) (33) (14) used CRISPR/Cas9 360 system to knockout 24 specific lncRNAs in zebrafish which was picked out based on 361 synteny, conservation, expression dynamics and proximity to development-related 362 genes and concluded that individual lncRNAs have no overt functions in zebrafish 363 embryogenesis, viability and fertility. Given these facts, it is likely that lncRNAs exert 364 limited functions in vertebrate development, particularly in zebrafish embryonic 365 development. Under such research background, our study regards Ybx1 as the 366 breakthrough of study point, utilizes TALENs technique to establish ybx1 homozygous 367 mutants (day5_ybx1 -/-) in zebrafish and chooses two wild-type zebrafish strains 368 (day5_ybx1 +/+ , day6_ybx1 +/+ ) as a control group. Then with the aim of unveiling the 369 existence of the lncRNAs implicated in zebrafish embryonic development, as well as 370 their possible roles in it and relevance of Ybx1, a systematic transcriptome analysis was 371 conducted based on deep RNA sequencing using Illumina platform. Ybx1 has been 372 demonstrated as a curial gene for all stage of embryonic development in mouse and 373 zebrafish (7, 8). Knockout of Ybx1 in zebrafish undoubtedly provides a good animal 374 model for our study. 375 376 Worthy of a special mention is the fact that despite the RNA library in the present study 377 is prepared using oligo-dT to capture sequences with poly-A tail, a great amount of 378 lncRNAs could still be sequenced. The reason is that lncRNAs are structurally similar 379 to mRNAs in some way, i.e., the majority of mature lncRNAs is produced by the same 380 RNA polymerase II transcriptional machinery and can be polyadenylated, suggesting 381 some of them are indistinguishable from mRNAs. As a result, we initially re-382 constructed the zebrafish transcriptome, and then identified high-confidence dataset of 383 lncRNAs using a stringent filtering pipeline. Next, to figure out the lncRNAs implicated 384 in zebrafish embryonic development, we performed differential expression analysis and 385 systematic network analysis between day5_ybx1 -/-, day6_ybx1 +/+ and day5_ybx1 +/+ . 386 The aforesaid series of analysis concluded that decreasing of Ybx1 no matter by 387 acquired knockout or innate autoregulation exhibits closely correlations to Redox 388 processes which involved several lncRNA-mRNA interactions. 389 390 Embryo development is a complicated process that underlies precise regulation and 391 control. The roles of Redox to embryonic development have been well elucidated so 392 far. Concretely, oxygen can be regarded as a double-edged sword since it is essential to 393 embryogenesis but also acts a potential hazard via formation of reactive oxygen and 394 reactive nitrogen species (ROS/RNS) (37). Overmuch ROS leads to oxidative stress 395 and further causes either cell death or senescence by oxidation of cellular molecules 396 (38). Redox balance is thus critical to embryonic development. More importantly, ROS 397 generated by nicotinamide adenine dinucleotide phosphate (NADPH) oxidases is a 398 crucial redox signal to establish homeostasis (29). This knowledge directs us narrow 399 down the huge number of mRNA-lncRNA interactions to a relatively small sub-400 network exhibiting strong correlation to two REDOX-related genes, duox (NADPH 401 oxidase) and noxo1a (NADPH oxidase organizer). Due to the importance of these two 402 genes to Redox regulation and relevance of embryo development, it can be inferred that 403 the lncRNAs correlated to these two Redox-related genes also are important to embryo 404 development in zebrafish. To test our prediction, we picked up three lncRNAs for 405 validation bioassay. The experimental results indicated that all three lncRNA 406 knockdown by morpholino led to deformation on dose-dependent manner in zebrafish 407 larvae, implying their importance to zebrafish embryonic development. The temperature, pH and 419 conductivity of the system were 28 ±1℃, 7.5 and 400 µS/cm, respectively. The fish 420 were fed twice a day with Otohime fish diet (Marubeni Nisshin Feed, Tokyo, Japan) by 421 Tritone automatic feeding system (Tecniplast). 422 423 All experiments were performed under a license from the Government of Macau 424 Special Administrative Region (SAR) and approved by Animal Experimentation Ethics 425 Committee of the University of Macau. 426 Larvae RNA preparation and RNA sequencing 427 Larvae from wild type zebrafish of AB strain (day5_ybx1 +/+ , day6_ybx1 +/+ ) and ybx1 428 homozygous mutants (day5_ybx1 -/-) which were established by transcription activator-429 like effector nucleases (TALENs) were collected for larval RNA preparation. Around 430 15-20 zebrafish larvae of each type were collected and pooled for sufficient amount of 499 517 To further study the correlation between lncRNA ENSDART00000171757 and ybx1 518 expression at protein level, western blotting was used for evaluation of Ybx1 protein 519 expression between morpholino (ENSDART00000171757) injected and control 520 morpholino injected groups. The larvae on day 5 with normal morphology were 521 collected for protein sample preparation. 522 523 Briefly, larvae were lysed with 100 µL 1x SDS sample buffer (62.5 mM Tris-HCl, 1% 524 w/v SDS, 10% glycerol, 5% mercaptoethanol, pH=6.8), and the lysates were heated at 525 95 °C for 10 minutes and then centrifuged 12,000 rpm for 15 minutes at 4 °C and 526 followed by protein concentration measurement. The samples (total 100 µg proteins) 527 from ENSDART00000171757_MO and control MO were separated on 12% 528 polyacrylamide gels and transferred to PVDF membranes. The membranes were 529 blocked with 5% non-fat milk in 1x TBST for 1 h at room temperature. After washing 530 three times with 1x TBST, the membranes were incubated with Ybx1 primary antibody 531 (1:5000) and beta-actin primary antibody (1:2000) in 5 ml of 1x TBST with 5% non-532 fat milk overnight at 4 °C. They were washed with 1x TBST three times followed by 533 incubation with the HRP-conjugated secondary antibody (1:2000) in 5 ml 1x TBST for 534 1 h at room temperature. After washing, the membranes were incubated with the 535 SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific, Waltham, 536 MA) and signals detected on the ChemiDoc MP imaging system (Bio-Rad, Hercules, 537 CA). 538 539 Whole mount in situ hybridization 540 To further study the spatial expression pattern for the three target lncRNA, 541 ENSDART00000171757, MSTRG.30533.1, MSTRG.33365.1, whole mount RNA in 542 situ hybridization (WISH) were undertaken for investigation. All their lncRNA probes 543 were transcribed in vitro and for storage at -80℃ . Embryos were under 0.003% 1-544 phenyl-2-thiourea (PTU) treatment to remove pigment until the larvae reach to day5. 545 On day 5, the ybx1 +/+ and ybx1 -/larvae were fixed in fresh 4% PFA overnight at 4℃.
